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 1
Summary 
 
Convective Available Potential Energy (CAPE) is the driving force for thunderstorm 
development. CAPE is closely controlled by wet bulb temperature. The lightning activity 
measured by a network of ten lightning flash counters widely distributed across continental 
Australia was studied as a function of wet bulb temperature. At each of the stations, the 
monthly total of lightning ground flashes, N, increased sharply with the increase of the 
monthly mean daily maximum wet bulb temperature, Tw,max. The dependence was strongest 
in the tropics and became less pronounced at temperate latitudes. In Darwin (latitude 12°S), 
the lightning ground flash activity increased by over three orders of magnitude over a 7°C 
range of Tw,max. The corresponding increases for Coffs Harbour (latitude 30°S) and for 
Melbourne (latitude 38°S) were about one and a half orders of magnitude and about half an 
order of magnitude respectively, each over a 10°C range of Tw,max. Power law 
approximations were derived for each of the ten stations and showed that the logarithm of N 
was directly proportional to the power, P, of Tw,max. The value of P showed a sharp 
exponential decrease with increasing latitude away from the equator. 
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 Introduction 
 
The close relationship between rain and lightning is well known (Shackford, 1960; Moore et 
al, 1962; Battan, 1965; Piepgrass et al, 1982; Peterson and Rutledge, 1998). However, there 
are numerous documented observations of heavy rain accompanied by little or no lightning 
activity (Williams et al, 1992; Jayaratne, 1993). Kuleshov et al (2002) studied thunderstorm 
distribution and frequency in Australia using data from 300 sites around the country. In 
particular, they showed that the section of eastern coast in Queensland between Cooktown 
(15ºS) and Innisfail (18ºS), reputed to be the wettest part of Australia, had fewer than 25 
thunder-days per year, while other tropical regions of the country recorded over 40 thunder-
days annually. Thorough analysis and comparison of time series of thunder-day frequency 
with rainfall variations over the period 1970-1999 allowed them to conclude that 
thunderstorm frequency in Australia does not, in general, appear to vary in any consistent 
manner with rainfall. The Down-Under Doppler and Electricity Experiment (DUNDEE), 
conducted during the wet seasons of 1988-1990 near Darwin, Australia, showed that, while 
lightning activity was very intense in isolated continental convective thunderstorms, it was at 
least an order of magnitude lower in the ocean-based convective storms that produced heavy 
rain during the monsoonal periods (Rutledge et al, 1992). Williams et al (1992) attributed 
these dramatic differences in lightning activity between the two types of storms, both of 
which produced heavy rainfall, to differences in conditional instability – the mechanism by 
which thunderstorms are formed. The energy that drives conditional instability is convective 
available potential energy (CAPE) and can be represented on a thermodynamic diagram by 
the area bounded by the environmental lapse rate and the saturated adiabatic lapse rate 
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(SALR). Field experiments have demonstrated a strong increase in lightning activity with 
CAPE (Williams et al., 1992). It has also been shown that CAPE increases linearly with 
potential wet bulb temperature, Tw (Williams et al, 1992; Williams and Renno, 1993; 
Peterson et al, 1996). This is not surprising in view of the fact that the SALR is determined 
by Tw. Williams et al (1992) showed that a 1ºC change in Tw resulted in a change in CAPE of 
about 1 kJ kg-1. The mean daily maximum surface Tw in Darwin during the 1988-89 wet 
season dropped by about 2ºC from the break periods to the monsoon periods. While the high 
lightning incidence continental storms occurred during the break periods, little lightning was 
observed in the monsoonal storms. The calculated CAPE showed an increase from about 800 
J kg-1 to about 2000 J kg-1 from the monsoonal period to the break period. The corresponding 
lightning flash density over an area of 40,000 km2 increased from about 100 to over 1000 per 
day. Analysis of the two-season data set indicated that the monthly mean lightning count in 
Darwin increased by more than two orders of magnitude as Tw increased by 2ºC. Jayaratne 
(1993) showed a similar behaviour in Botswana in Africa where the lightning activity 
doubled for every 1ºC increase in Tw. Peterson et al (1996) studying data collected during 
TOGA COARE over the western Pacific Ocean, concluded that a 0.5ºC increase in Tw led to 
a 5 to 8 factor increase in the cloud to ground lightning activity. A detailed explanation for 
the increase of lightning activity with CAPE and Tw may be found in Williams (1995). 
 
Lightning Flash Counter 
 
The Australian Government Bureau of Meteorology (AGBM) maintains a network of about 
40 lightning flash counters scattered widely around Australia. Although most of the stations 
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have been operating for 10-20 years, not all of them have provided complete data sets; there 
being some significantly long gaps in the records at many sites, mainly due to instrument and 
battery failure. 
 
The lightning counter used at the AGBM stations is the CIGRE-500. CIGRE (International 
Conference on Large Electric Systems) lightning flash counters have been used extensively 
to provide estimates of ground flash density (Barham, 1965; Prentice, 1972). The CIGRE-
500 instrument incorporates a 500 Hz peak transmission filter circuit that causes the device to 
respond mainly to the positive-going step changes in electric field characteristic of negative 
ground flash return strokes. Higher frequencies are attenuated to avoid response to the 
radiation fields, thus ensuring that the effective range is determined mainly by the large 
electrostatic component of close ground flashes. However, many intracloud flashes exhibit 
field changes as low as 500 Hz, and are counted by the instrument. Moreover, it is well 
known that a small percentage of ground flashes carry a net positive charge. This percentage 
may vary with location and season from about 4% in the contiguous United States (Orville et 
al., 1987) and Southern Africa (Jayaratne and Ramachandran, 1998) to as high as 40% in the 
winter storms in Japan (Hojo et al., 1989) and in Kathmandu, Nepal (Baral and Mackerras, 
1992). Mackerras and Darveniza (1994) recorded lightning occurrences at 14 sites in 11 
countries and found a mean percentage of 6.9%. Their corresponding mean value for 
Australia was about 4%, and we shall use this as the best estimate available for our study. 
Bunn (1968) showed that positive ground flashes show a truncated negative voltage ramp 
that may cause them to be recorded by the CIGRE-500 counter in a similar manner to 
intracloud flashes.  
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 The antenna used is a vertical aluminium tube of dimensions and electrical characteristics 
conforming to CIGRE standards. The number of flashes is registered on a mechanical 
counter that increments once for every flash detected. Multiple strokes within a flash are 
eliminated by a one second dead time interval introduced by the circuitry after every first-
stroke. The CIGRE-500 has an effective horizontal range of 30 km (Prentice and Mackerras, 
1969) corresponding to a detection area of 2827 km2. 
 
Analytical Methods 
 
The availability of a reasonably large lightning flash data set obtained at several sites over a 
range of geographical latitudes on one continent provided a strong incentive to investigate 
the reported sensitive relationship between lightning activity and Tw. 
 
Of the 40 stations, ten sites were selected for their reliability and availability of data over 
sufficiently long periods of observation and to represent a wide geographical distribution 
across the continent. These sites are shown on the map in Fig 1. Table 1 gives the latitude 
and longitude of each site and the respective number of years over which reliable lightning 
count data were available. 
 
The three-hourly wet bulb temperature data were obtained from the AGBM National Climate 
Centre archive. At each site, the daily maximum wet bulb temperatures were determined 
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from these observations and averaged over each calendar month to give the monthly mean 
daily maximum wet bulb temperature, which we denote as Tw,max throughout the paper. 
 
The CIGRE-500 lightning flash counter data (monthly total registrations, R) were provided 
by the Observations and Engineering Branch, AGBM. The registered counts, R, were 
converted to monthly total ground flashes (N) by eliminating inaccurately counted intracloud 
flashes and adding the undetected positive ground flashes. A method of deriving lightning 
ground flash density from CIGRE-500 counter registrations based on the detection efficiency 
of the instrument has been described by Kuleshov and Jayaratne (2004). The detection 
efficiency of ground flashes was evaluated using the values for effective ranges of the 
counter of 30 km for ground flashes as recommended by Prentice and Mackerras (1969) and 
15 km for intracloud flashes which is a recently corrected estimation by Mackerras (personal 
communication, 2003). Mackerras and Darveniza (1994) demonstrated that the mean value 
of cloud flash-to-ground flash ratio, Z, measured at 14 sites worldwide was 1.9, and that it 
was largely independent of latitude.  Applying the above mentioned values of Z and effective 
ranges for ground and cloud flashes, Kuleshov and Jayaratne (2004) calculated the detection 
efficiency of the CIGRE-500 counter to negative ground flashes to be 0.68. As it was 
described earlier, about 4% of ground flashes in Australia are positively charged and not 
detected. Thus, the formula used for the correction is N = R x 0.68/(1-0.04) = 0.71R. All 
lightning data presented in this paper refer to the monthly total lightning ground flashes, N, 
within the effective range of the instrument.  The ground flash density (Ng) is a parameter 
that is often used in the literature. Ng may be calculated from N using the effective range of 
the instrument of 30 km, that is Ng=N/2827 km-2. However it should be noted that many 
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ground flashes, as many as 50% in some instances, exhibit multiple termination points on the 
ground (Thottappillil et al, 1992). Thus, the use of this method to estimate Ng may result in 
an underestimation of this value. 
 
The lightning flash counters occasionally showed spurious counts that originated from 
sources other than lightning, such as electric sparking in car ignitions and high voltage power 
lines. Observation of the records during the dry winter seasons showed that such counts 
amounted to not more than about three or four per month. Although the associated error was 
not significant during the months with a high intensity of lightning, they became quite 
important for the months with little or no lightning activity. In order to avoid this problem, an 
arbitrary lower threshold of five was chosen and data from months where R<5 were 
eliminated from the analysis. 
 
Results and Discussion 
 
The annual totals of lightning ground flashes observed at the ten stations, averaged over the 
respective periods of observation, are shown in column 5 of Table 1. Column 6 shows the 
corresponding mean annual number of thunder-days. A thunder-day is an internationally 
recognized and widely used parameter describing thunderstorm activity. Thunderstorm day 
(thunder-day) is defined as ‘an observational day (any 24-hour period selected as the basis 
for climatological or hydrological observations) during which thunder is heard at the station. 
Precipitation need not occur’ (Glossary of Meteorology, 1959). In Table 1, note how both 
these parameters – the lightning intensity and the number of thunder-days are highest in the 
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tropics and decrease steadily as the stations move away from the equator. Each of the two 
parameters was highest in Darwin – the station closest to the equator, and lowest in 
Melbourne, which is the station farthest from the equator.  
 
The seasonal distribution of monthly total of lightning ground flashes was computed for each 
station. The distributions for (a) Darwin and (b) Melbourne are shown in Fig 2. These two 
stations are widely separated in latitude, lie on opposite sides of the continent and have 
complete and reliable data sets over a considerable period of time. The distributions show a 
marked contrast. First, the average annual number of lightning ground flashes is about an 
order of magnitude higher in Darwin - 20,203 per annum as against 2,369 per annum in 
Melbourne. Secondly, Darwin has a clear ‘lightning season’ which corresponds to the wet 
season months October through April (99.7% of annual flashes) with a peak in lightning 
activity in November, December and January (62% of annual flashes) when the monthly 
mean of lightning ground flashes is over 3,500. There is very low lightning activity during 
the dry season months May through September (0.3% of annual flashes) with hardly any 
lightning during the months June to August. Melbourne, while also showing peak lightning 
activity during the months November through February (51% of annual flashes), has a more 
even seasonal distribution with significant amounts of lightning right through the year. This 
behaviour is not unexpected in the Southern hemisphere. The Inter Tropical Convergence 
Zone approaches Darwin in November, giving rise to high moisture levels and precipitation 
over the next two or three months. During the Southern hemisphere winter, dry stable 
outflow from the subtropical high over the Australian continent inhibits convective storm 
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activity in the north while frontal systems sweeping in over the Great Australian Bight 
continue to provide Melbourne with moisture right through the year. 
 
Next, we relate the monthly total of lightning ground flashes, N, to the monthly mean daily 
maximum wet bulb temperature, Tw,max. Each of the ten stations showed a roughly 
exponentially increase in number of ground flashes with Tw,max. Fig. 3 shows a typical 
example for Coffs Harbour where the Tw,max values have been classified into 1°C bins in 
order to plot a distribution histogram. The exponential trend line is very clear, with a 
correlation coefficient of 0.99. An important point to note was that the rate of increase of N 
with Tw,max was clearly dependent on the latitude. Stations closer to the equator (Darwin, 
Kununurra and Centre Island) showed very sharp increases, while the rates of increase for 
higher-latitude stations were lower. To evaluate this latitudinal dependence, log(N) was 
plotted as a function of Tw,max for each of the ten stations. Fig 4 shows the data for the three 
widely spaced stations (a) Darwin, (b) Coffs Harbour and (c) Melbourne. Each point 
represents a calendar month during the period of observation. Points with less than five 
counts were removed for the reasons given above (see previous section). In Darwin (latitude 
12°S), the overall increase in monthly total of lightning ground flashes was over three orders 
of magnitude over the 7°C range of Tw,max for which lightning activity was recorded. 
However, a sharp increase of over two orders of magnitude was observed within a modest 3-
4°C increase in wet bulb temperature in the range between 23°C and 27°C. This confirms 
Williams and Renno (1991) who studied the total lightning activity (intracloud and ground 
flashes) in Darwin during the calendar year 1988 and found that the activity increased by two 
orders of magnitude for a wet bulb temperature change of 3-4°C. Our result is based on 20 
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years of data. We found similar increases in Kununurra and Centre Island. The dependence 
with wet bulb temperature decreased as we moved away from the equator. An increase of 
about one and a half order of magnitude was observed for Coffs Harbour (latitude 30°S) over 
a 10°C range of the monthly mean daily maximum wet bulb temperature (Fig 4b). In 
Melbourne (latitude 38°S), the effect was less obvious, but still gave an increase of about 
one-half of an order of magnitude in the range of Tw, max for which lighting flashes were 
registered (Fig 4c). 
 
It is interesting to note that the lower temperature extremes of the curves in Fig 4 for Darwin 
and Coffs Harbour lie below the upper extremes of the curves for Coffs Harbour and 
Melbourne respectively. However, this does not imply that the lightning activity increases 
with latitude. At each station, the upper and lower temperature extremities of the curves 
correspond to the summer and winter months respectively. The relative positions of the 
curves where they overlap merely indicate that there is more lightning in Coffs Harbour 
during the summer than in Darwin in the winter. Similarly, there is more lightning in 
Melbourne in the summer than in Coffs Harbour in the winter. It does not detract from the 
fact that the total annual lightning and thunder activity decreases with latitude from Darwin 
to Coffs Harbour to Melbourne (columns 5 and 6 of Table 1). 
 
In order to compare the increase in lightning activity with increase in Tw, max within a range of 
Australian latitudes, we derived best fit approximations for the data from each of the ten 
stations using a power law approximation of the form log(N) = a Tw,maxP after Williams and 
Renno (1991). Column 7 in Table 1 shows P-values of the data approximations for the ten 
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stations. These have been obtained by applying standard linear regression techniques to the 
associated linear model log(log(N)) = log(a) + P log(Tw, max). This allows estimation of 
confidence intervals for P in the usual way, and these have been given in columns 8 and 9 at 
the 95% level of confidence.  
 
The value of P for Darwin using data covering the 20-year period 1982-2001 was 7.79. The 
corresponding value of P found by Williams and Renno (1991) for Darwin, 1988 only, was 
7.5. Note how the value of P falls with latitude. At the highest latitude investigated 
(Melbourne, 38°S), P had fallen to 0.20. In Fig 5 we plot these P-values along with the 
confidence intervals as a function of the latitude of the stations. P showed a sharp decrease 
with increasing latitude in a range approximately between 10°S and 20°S. The decrease was 
more gradual at higher latitudes. Overall, the best trend was exponential with a coefficient of 
determination of 0.89. 
 
It is well known that CAPE and lightning activity are strongest in the tropics. Using satellite 
observations, Orville and Spencer (1979) showed that total lightning activity decreased 
exponentially with latitude. Based on the analysis of Australian soundings during the 
Australian Monsoon Experiment (AMEX), Williams and Renno (1993) showed that the rate 
of change of CAPE with wet bulb was greatest in the tropics and decreased southwards away 
from the equator. The values ranged from about 1300 J kg-1 °C-1 at Darwin (12°S) to about 
750 J kg-1 °C-1 at 20°S. Considering monthly mean values of total lightning counts and 
maximum wet bulb temperatures for specific years at several locations around the world, 
Williams (1994) concluded that the local sensitivity of lightning to temperature was highest 
 12
near the equator and diminished at higher latitudes. In the near-equatorial region, the 
observed sensitivities, expressed as a percentage increase of total flash count, were 400%-
800% per 1°C, falling to 200%-400% at the edge of the tropics. The sensitivity at mid 
latitude was only 100%-200%. The value for Darwin (12°S), using total lightning count data 
gathered during the year 1988, was close to 500%. From Fig 4(a), our value using ground 
flash data over a period of 20 years, calculated over the temperature range 22°C to 27°C was 
400%, in good agreement with the above. It should be noted that the increase within the 
narrower temperature range of 24°C to 27°C, corresponding to the intense summer 
thunderstorms, gave a much higher factor of 1000%. The values for Coffs Harbour (30°S) 
and Melbourne (38°S) were significantly lower at 160% and 130% respectively. Williams 
(1994) did not present results from southern hemisphere stations at these higher latitudes but 
our values compare well with their results for northern hemisphere stations at the same 
distance from the equator.  
 
The reason for the decrease of P-values in Fig 5 as the location moved away from the equator 
is not very obvious. Williams and Renno (1991) suggested that, although CAPE still plays a 
major role in the temperate latitudes, CAPE is strongly influenced by the presence of cold 
dry air aloft in the environment and less influenced by the wet bulb temperature of boundary 
layer air. Williams (1994) stresses that a more fundamental understanding of the strongly 
nonlinear relationship between lightning and CAPE must await a more complete 
understanding of the microphysics of charge separation within thunderstorms. 
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Conclusions 
 
A study of lightning data gathered over periods ranging from 15 to 21 years by a network of 
ten CIGRE-500 flash counters widely distributed across continental Australia showed that 
the ground flash intensity was a sensitive function of the wet bulb temperature. At each of the 
stations, the monthly total of lightning ground flashes, N, increased with the monthly mean 
daily maximum wet bulb temperature, Tw,max. The dependence was most pronounced near the 
equator. In Darwin, located at latitude 12°S, a modest 3-4°C increase in wet bulb temperature 
increased the lightning activity by over two orders of magnitude. Similar increases were 
found at other tropical stations. The increase of lightning activity with wet bulb temperature 
decreased as we moved away from the equator. In Melbourne (latitude 38°S), the effect was 
less obvious, but still showed an increase of about half an order of magnitude within a 10°C 
range of Tw,max.  
 
Power law approximations of log(N) versus Tw,max for the ten Australian stations were 
derived according to the relationship proposed by Williams and Renno (1991) : log(N) = a 
Tw,maxP. The values of P derived for the stations were plotted as a function of latitude. P was a 
maximum closest to the equator and decreased exponentially with latitude. A possible reason 
attributed for this behaviour is the sensitive dependence of wet bulb temperature on 
convective available potential energy (CAPE) – the driving force for thunderstorm 
development. Lightning activity has been shown to increase with CAPE. However, we 
believe that this is the first analysis of lightning activity in terms of wet bulb temperature 
using data gathered over a sufficiently long period at a number of stations over a wide range 
of latitudes within the same continent. 
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Table 1. Details of the ten stations together with some of the relevant parameters of lightning 
activity. The annual flashes refer to the mean number of ground flashes per year of 
observation. The annual flashes and number of thunder-days have been computed for the 
respective periods of observation at each station. The P-value relates the increase in lightning 
activity to an increase in wet bulb temperature according to the equation given in the text. 
 
1 2 3 4 5 6 7 8 9
Location Lat. 
(deg S)
Long. 
(deg E)
Years
of data
Annual
flashes
Annual
Td  
P-value Lower 
95% 
Upper
95% 
Darwin 12.3 131.0 20 20,203 97 7.79 6.88 8.70 
Kununurra 15.8 128.7 16 21,189 60 4.14 3.39 4.89 
Centre Island 15.8 136.8 15 6,211 68 3.37 2.43 4.30 
Tennant Creek 19.6 134.2 20 5,131 34 2.06 1.71 2.41 
Port Hedland 20.4 118.6 22 2,560 21 2.80 2.17 3.42 
Mt Isa 20.6 139.5 19 7,852 39 1.81 1.40 2.22 
Meekatharra 26.6 118.5 19 3,399 35 1.27 0.93 1.61 
Coffs Harbour 30.3 153.1 20 5,342 36 1.38 1.10 1.67 
Kalgoorlie 30.8 121.5 22 2,587 22 1.04 0.71 1.36 
Melbourne 37.7 144.8 21 2,3690 13 0.20 -0.07 0.47 
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Figure Captions 
 
Fig 1 Map of Australia showing the stations used in the analysis. 
 
Fig 2 Seasonal distributions of monthly total of lightning ground flashes in (a) 
Darwin and (b) Melbourne. Data have been averaged over 20 years of 
records. 
 
Fig 3 Monthly total of lightning ground flashes N as a function of monthly mean 
daily maximum wet bulb temperature Tw,max for Coffs Harbour. 
 
Fig 4 Monthly total of lightning ground flashes presented as log(N) versus the 
monthly mean daily maximum wet bulb temperature Tw,max at (a) Darwin, 
(b) Coffs Harbour and (c) Melbourne. 
 
Fig 5 Variation of P-value with latitude of the stations. 
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 Fig 5. 
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